ABSTRACT: A mesocosm experiment to assess the fate and effects of sewage sludge in the coastal marine environment was conducted over 4 mo during the summer of 1984 with 9 different treatments of sewage sludge and nutrient addtions. Evidence from setthng rate studes, accumulahons of carbon and pollutant organics and rahos of in the sediment indicated up to 83 O/O of the sludge particulate inputs settled to the bottom and up to 51 % accumulated there. While no toxicity due to organics or metals was apparent, prolonged hypoxia and even anoxia occurred in upper treatment levels. At summer temperatures, sludge particulate inputs in excess of 1 g C m-2 d-' caused these hypoxic conditions. In contrast to low primary production in low and medium sludge treatments during the last 2 mo of the experiment, the highest sludge treatment had high production. We attribute these patterns to excessive grazing pressure from zooplankton and benthlc fauna in the lower 2 treatments and hypoxia-retarded grazing in the upper treatment. In the upper treatments, peaks of produchon stimulated peaks of excessive respiration suggesting that respiration of sludge particulates was enhanced or CO-metabolized with the production of fresh organic material.
INTRODUCTION
A large variety and number of studies have been conducted to assess the impact of sewage sludge disposal in the marine environment (Bascom et al. 1978 , Bascom 1980 , 1984 , Geyer 1981 , Ketchum et al. 1981 , 1985 , Mayer 1982 , Myers & Harding 1983 , Wolfe & O'Connor 1987 . In the late 1920's little was known; for example, Rawn (1960) observed: 'Investigations of the behavior of existing outfalls along the Pacific coast failed to fill us in on desired information about the relation between depth and quantity factors, although we gave it quite a try. I recollect without much pleasure, the many hours bobbing about in rowboats in sewage fields along the southern California coast.' Today, tracer studies, water quality and sediment monitoring studies, biotic impact studies, and labora-O Inter-ResearchPrinted in F. R. Germany tory toxicity tests have been carried out to quantify inputs, assess distribution and fate, and quantify impacts on primary producers and biota. Without arguing the relative ments of any of these efforts, it is clear that neither distribution and fate, nor impacts, have been quantified to the extent that all parties can agree on where or how much sewage sludge can be safely disposed of in the coastal marine environment (Erdheim 1985) . In southern California, the decision has been made to cease disposal through an outfall located in relatively deep but poorly oxygenated waters, and to dispose of sludge materials on land (Brooks 1983 ). In the New York Bight, the decision was made not to dispose of sewage sludge on land but to continue dumping at sea (Erdheim 1985) . However, the nearshore 12 mile site is being phased out in favor of the offshore 106 mile site (Suszkowski & Santoro 1986 ).
Due to the dynamic nature of the marine environment and to alternative potential pollutant sources, it has been difficult to determine sewage sludge fate after disposal. Generally, it can be traced for a matter of hours in the water column and over a few hlometers on the bottom (Bascom et al. 1978) . Quite often sludge 'disappears' after disposal. A recent finding at the New York 12 mile site is that sediments collected semiannually since 1977 show no visible accumulation of sludge on the bottom, no increase in total organic carbon, and low bacterial counts for total and fecal coliform (Levine 1986) ; thus the author concludes that sludge is rapidly remineralized. However, it has been shown that the most affected zone is not under the sludge dump site, but 10 to 15 km west of the disposal site in a depositional environment on the margin of the Christiansen Basin (Boesch 1982 , Steimle et al. 1982 . Burnett & Schaeffer (1980) used stable carbon isotope ratios to locate sludge carbon in the sediments of the New York Bight. This technique also has the advantage of often enabling the detection of sludge carbon actually assimilated by organisms (Rau et al. 1981) .
Due to the number and variability of sewage sludge components, it has also been difficult to detect consistent effects on biota in the field. Those field studies which have examined the effects of sewage on system response have indicated that nutrients, rather than toxicants, have the dominant effect (Pearson & Rosenberg 1978 , Neilson & Cronin 1981 , Mearns & Word 1982 . Due to the difficulties of plankton sampling, the toxicity to copepods observed in the laboratory (at concentrations ranging from 0.03 to 0.8 % whole sludge) has never been observed in the field (Miller et al. 1987) . A wide range of macrobenthic infaunal responses have been reported for sewage sludge. Several investigators report severe inhibition of the total benthic assemblage (Rowe 1971 , Pearce 1972 , Anger 1975 . Others noted domination and large density increases by a few species (McIntyre 1977 , Botom 1979 , Mearns & Word 1982 , Young & Young 1982 , Steimle 1985 or increased density of virtually all indigenous species (Dauer & Connor 1980) . Zones with presumably different sludge loading rates have been proposed to account for the wide range in macrobenthic response observed (Anger 1975 , Bascom et al. 1978 , Pearson & Rosenberg 1978 , Dauer & Connor 1980 . Due to the large number of past and continuing efforts to assess sewage sludge disposal, it is presumptuous to think that one more effort will solve all problems. However, in the controlled mesocosm experiment described here, there has been an opportunity to quantitatively assess the fate of sewage sludge components, their effects on plankton and benthic macrofauna, and the levels of sludge addition which cause detrimental effects.
The experiment
Nine 13 m3 mesocosms at the Marine Ecosystem Research Laboratory (MERL) were used to observe the response of temperate, estuarine ecosystems to 3 sewage sludge loading rates over a 3 mo summer period (14 Jun to 29 Sep) in 1984. The lowest daily addition rate (IS) was roughly equivalent, with respect to nitrogen and phosphorous content, to the final calculated dilution at the New York 106 mile site (O'Connor et al. 1985) . The medium rate (4s) was roughly equivalent to nitrogen dilution in sewage sludge after discharge at the New York 12 mile site and to sewage effluent dilution at the Hyperion (Los Angeles) 5 mile outfall (Hatcher et al. 1981) . The highest rate (8s) was most similar in nitrogen to the West Point, Seattle outfall (Mearns 1981) . The Joint Water Pollution Control Project effluent outfall in southern California had higher nitrogen values than the 8 s treatment (Mearns 1981) . For comparison of the relative effects of nutrients and toxics, 3 other mesocosms received inorganic nutrients (N, P, Si) with the nitrogen additions comparable to the amounts in IS, 4S, and 8 s sludge additions. Finally, 3 mesocosms with no additions acted as controls for the experiment.
METHODS

Mesocosms.
The mesocosms are simplified models of lower Narragansett Bay (Table 1) . Temperature, light, mixing, water turnover and sediments are similar to the natural system (Pilson et al. 1979 , Nixon et al. 1980 , Oviatt et al. 1986a ). The facility design, operation and analytical methods are described in Lambert & Oviatt (1986) .
Treatment additions. Sewage sludge was collected weekly from the Cranston Rhode Isiand Waste Treatment Facility, Cranston, Rhode Island, USA. The facility is an activated sludge plant with separate primary and secondary clarifiers. The sludge from both clarifiers and the grease sump goes to anaerobic digesters. The sludge intended for addition to the mesocosms was collected directly from the digesters before dewatering on Friday and held refrigerated over the weekend until used during the next week, starting on Monday.
The sludge was added daily 7 times a week for 99 d during the morning mixing cycle (Table 2) . Pre-mixing of the sludge with about 200 m1 of tank water (30 XO salinity) reduced aggregation when it was added to the mesocosms.
The 3 nutrient treatments received reagent grade inorganic nutrients (NH4C1, KH2P04 and Na2Si03) during the morning mixing period ( Table 2 ). The amounts were approximately 1, 4 and 8 times the average area1 inorganic nutrient input to Narragansett Bay from sewage effluents, and equivalent to loadings used in a previous eutrophication experiment (Oviatt et al. 1986a ).
Sludge components. Percent solids, particulate organic carbon, stable carbon isotope ratio (S13C)', particulate and dissolved nitrogen, particulate and dissolved phosphate, particulate and dissolved silicate, some organic components (polychlorinated biphenyls, polycyclic aromatic hydrocarbons, substituted benzotriazoles, phthalates, and coprostanol) and metals were analyzed on each weekly batch of sewage sludge. Detailed methods of analysis for each parameter are given in Lambert & Oviatt (1986) , Oviatt et al. (1986b) , and this paper.
Settling behavior. In August 1984, 3 sewage sludge settling rate experiments (Expts 1 to 3) were conducted in a tank with no sediment but with the standard MERL mixer configuration. All tank water was filtered through a 0.45 pm filter to reduce background particulate concentrations. In each experiment the mixing cycle was maintained and sludge was added 30 min after the beginning of morning mixing. Mixing continued for another 90 min. Water column sampling (6 replicates) was conducted through the mixing and nonmixing cycle for 285 min. In Expt 1 the water column was also sampled after 24 h with normal mixing cycles. In Expts 1 and 3 the sludge was mixed with seawater and shaken before being added to the tank (in the same manner that it was added to sludge treatment tanks). In Expt 2 sludge was added directly to the tank with no pre-mixing.
System measurements. System production, system respiration, C-14 production, chlorophyll a, total diatoms, dissolved inorganic nutrients, zooplankton biomass, benthic fauna, and particulate carbon in water and sediments were measured at various intervals over the course of the experiment as indicated in Oviatt et al. (1986b) and KeUer et al. (1987) .
'System production and system respiration were measured weekly by dawn-dusk-dawn oxygen measurements. Oxygen concentrations were measured by U'inkler titration. Dawn minus dusk measurements were corrected for diffusion to provide a measure of system production (Oviatt et al. 1986a) . Diffusion was calculated according to the following formula:
The gas exchange coefficient (f) was determined experimentally with changes in temperature (P. Rocque & S. Nixon unpubl. data):
In a similar manner, dawn oxygen concentration was subtracted from dusk oxygen concentration to provide a measure of system respiration.
Primary production was also measured by C-14. For thYs procedure, water samples were collected from 5 depths (0.1, 0.5, l , 2.5 and 4.5 m) in each tank, inoculated with NaH14C02, and suspended in bottles at the 5 depths. A dark bottle was placed at mid-depth to mrrect for dark uptake. After incubation from 1000 to 1400 h, samples were filtered (1 pm) and the filters were counted in a scintillation counter. Depth-integrated production was calculated from all samples and daily rates were calculated by assuming 57 % of the daily production occurred during the incubation period (Oviatt et al. 1986a ). Biomass of phytoplankton was determined weekly by chlorophyll analysis (using 1 pm pore size filter) according to Yentsch & Menzel (1963), and Lorenzen (1966) as modified by Lambert & Oviatt (1986) .
Diatom concentration was determined each week accorchng to Hasle (1978) . Pooled samples from 3 depths were preserved in Lugol's iodine solution. The sample was allowed to settle overnight and counted on an inverted microscope; most counts had a precision of 10 % coefficient of variation (C.V.).
Dissolved inorganic nutrients (NH3, NO2, NO3, PO, and SiO,) were determined on water collected weekly and pooled from 3 depths, using a Technicon Autoanalyzer (Lambert & Oviatt 1986 ).
Zooplankton were analyzed weekly from quanbtative net tows (64 pm mesh), filtering about 0.20 m3 water. Biomass (dry weight) was determined on the > 150 pm fraction to reduce phytoplankton contamination. When samples were still heavily contaminated (as were 13 of 150) with chain-forming diatoms, the biomass was estimated from a regression developed from the relation between zooplankton numbers and biomass of uncontaminated samples (r2 = 0.778) (Lambert & Oviatt 1986 ). Samples were rinsed with deionized water to remove salt, frozen, freeze-dried, and weighed to the nearest 0.1 mg. For summary data analysis, mean values for the entire experimental period were calculated from weekly values by calculating time-weighted means.
Benthic fauna samples were collected prior to treatment (1 1 Jun 19841, about mid-way through the experiment (18 Aug 1984) , and at the end of the experiment (19 Sep 1984) . For each date, 10 random sediment samples were collected with a flow-through corer (5.067 cm2) (Frithsen et al. 1983) , and sampling was to a depth of about 10 cm. The samples were sliced to yield depth fractions of 0 to 2 cm and 2 to 6 cm, and each fraction was preserved in 10 % buffered formalin containing rose bengal.
After 2 mo (to ensure animal uptake of stain and stabilization of formaldehyde dry weight), the samples were washed through a nest of sieves (0.5 and 0.3 mm) into gridded Petri dishes. Animals were identified and enumerated under a stereomicroscope. Bivalve biomass was determined by measuring shell length and applying organic carbon to length relations (Frithsen et al. 1986 ). Biomass for other organisms was determined by obtaining dry weights (60°C to constant weight) and applying dry weight to organic carbon relations (Frithsen et al. 1986) .
At the end of the experiment the sediments from each mesocosm were passed through a sieve (0.318 cm) and a fraction of the retained animals was frozen for subsequent organic component analyses. The remaining animals were preserved in 10 % buffered formalin and later sorted to remove the amphipod Leptocheirus sp. The amphipods were enumerated, and dry and ash weight were determined.
Particulate carbon and nitrogen was measured on sludge batches (weekly), on water column samples (weekly), and on sediment samples (at the beginning, mid-point and end of the experiment). Weighed particulate matter was combusted at h g h temperatures in a CHN elemental analyzer (Lambert & Oviatt 1986 ). Precision for carbon was about 10 % C.V. and for nitrogen, 8 % C.V.
Stable carbon isotope ratios. Samples of suspended particulate organic carbon (POC), net plankton, benthic organisms, sediments, and sludge were analyzed for their stable carbon isotope ratio, 613C. Water for POC samples was pumped from the top l m of the water column during mixing, filtered onto precombusted, glass fiber filters, and the filters were air-dried before storage. Plankton were size-fractionated (Nitex screens), microscopically examined for obvious detritus, then held in filtered seawater, filtered onto precombusted, glass fiber filters, and air-dried. Benthic organisms were hand-picked from sieved sediment, held in filtered seawater overnight, and either filtered whole (small organisms) or dissected before being dried. Sediments were collected with an open corer, sectioned into 1 cm depth intervals, acidified with HC1, washed, and filtered onto glass fiber filters. Sediments were ground after drying and weighed to obtain density. Sludge samples were acidified with HC1 and treated as for sediment samples. All samples were analyzed by combusting a weighted aliquot to COz in a radlo-f~equency furnace. The purified gas was measured manom,etrically (for percent organic carbon) and analyzed on a Micromass 602 isotope ratio mass spectrometel. Further details of these methods can be found in Gearing et al. (1984) .
The fraction of sludge present in samples was estimated using a simple mixing equalion:
where f, = fraction of organic carbon from sludge; 6, = 613C of the sample containing a mixture of carbon; 6,, = 613C of a similar sample receiving no sludge; 6, = 613C of pure sludge. S,, was taken from control tank samples; 6, was -23.45 f 0.41 %; this value is the average of 12 of the weekly sludge batches measured over the course of the experiment. Organic components. For the .analysis of organic components, samples of sewage sludge and sediment were stored in precleaned glass jars at -20°C. Water samples were filtered through precombusted glass fiber filters (1.2 pm) to separate particulate and soluble components. The volume filtered per sample was about 12 1. The filtrate was spiked with internal standards and extracted once with 300 m1 of dichloromethane per 3 1 in the original glass collection bottle. The organic extracts for each sample were isolated, combined and solvent-exchanged into hexane; they were concentrated in volume on a rotary evaporator under reduced pressure at <30°C, and stored in the dark at room temperature until analysis. After drylng to constant weight at room temperature, the filters for each sample were stored at -20°C. When ready for analysis, filters were shredded into a round bottom flask. Internal standards were added, followed by about 150 m1 of methanol, and the mixture was refluxed for 2 h, cooled, and decanted into a separatory funnel containing about 200 m1 of distilled water. The filters were rinsed with petroleum ether and the rinse was combined with the methanol extract; the mixture in the funnel was then extracted 3 times with petroleum ether, and the extracts were combined and reduced in volume on a rotary evaporator and stored in the dark at room temperature. Samples for sludge, sediment and benthic organisms were extracted in the same manner as the filter samples.
All extracts were separated into 3 fractions by s h c a gel column chromatography using a method modified from Pruell & Quinn (1985) . The first portion contained saturated petroleum hydrocarbons, the next portion included the 16 EPA priority polycyclic aromatic hydrocarbons (PAHs) with 2 to 6 fused rings and 2 substituted benzotriazoles (Clo-BZT and Cl-BZT), and the third fraction contained the phthalic acid esters butylbenzyl phthalate (BBP), diethylhexyl phthalate (DEHP), and dioctyl phthalate (DOP), coprostanol and C,-BZT (a third substituted benzotriazole). In addition, polychlorinated biphenyls (PCBs, measured as Aroclor 1254) were also obtained by silica gel column chromatography separation of the extract.
Each fraction was concentrated on a rotary evaporator and analyzed on Hewlett-Packard gas chromatographs with flame ionization (FID) or electron capture (ECD) detectors. Resolved peaks were quantified against internal standards. Several samples were analyzed without the addition of internal standards to assess background levels of these compounds; all proved insignificant. Peak identification by retention time was confirmed by gas chromatography-mass spectrometry. The precision of the analyses was usually 20 O/ O or less and was measured as the relative standard deviation of replicate analyses on selected samples. The detection limits for the FID analyses were usually between 10 and 100 ng 1-' or 10 and 100 ng g-' with respect to 10 1 or 10 g samples. In the ECD analyses, the detection limits were between 0.1 and 0.5 ng 1-', or ng g-l. Values below these limits were reported with low confidence down to none detected (ND). All values were corrected for blanks, usually less than 20 O/O of the sample values.
Metals in sludge. Metal concentration in the sludge were determined from triplicate analysis of each batch added to the mesocosms. A known volume (20 ml) of sludge was weighed in a 50 m1 round bottom polycarbonate centrifuge tube. Two m1 of concentrated Baker Instra-Analyzed nitric acid was added. The centrifuge tubes were capped and samples autoclaved for 1 h. The digestate was then volumetrically diluted and the metal concentration determined by flame atomic absorption spectrometry ( M S ) against a standard curve.
Metals in the water column.
Water column metal concentrations were determined weekly from 2 controls and the sludge-amended mesocosms. Duphcate samples from each mesocosm were collected and the dissolved and particulate phases (methodologlcal definition) separated using a pressure filtration through 0.4 ,pm Nuclepore filters. Dissolved metals (Cu, Ni, Cd) were concentrated using an adaptation of the Co-APDE method of Boyle & Edmond (1977) and analyzed using absorption spectrometry (AAS). Dissolved Mn was determined directly with flameless AAS (Hunt & Smith 1983) . Particulate metals were digested in 5.0 m1 of 2N H N 0 3 and metals measured by flameless (Cu, Ni, Cd) or flame (Mn) AAS.
The average of the duplicate samples was calculated for each week. These results were used to calculate the mean and standard deviation for the mesocosms during this study.
RESULTS
Settling behavior experiments
Sewage sludge settled rapidly in the 5 m deep water column (Table 3) . Within 10 min, 22 to 39 O/O had settled and after 30 min 40 O/O had settled even though the mixers were on. After 75 min of mixing, 33 to 53 O/O had settled. During the initial period of non-mixing, about another 9 O/O settled. Samples taken at the end of the non-mixing cycle were inconclusive. In Expts 1 and 2 the percent settled did not change a great deal, but Expt 3 had water column concentrations equal to initial values, suggesting total resuspension (Table 3) . With the lack of mixing, there was no mechanism for resuspension, suggesting weighing error for Expt 3. Mean values showed a trend of increasing sedimentation through mixing and non-mixlng cycles as did the 24 h sample from Expt 1. Visual observations of the sludge confirmed loss to the mesocosm floor.
Sludge coagulation behavior was generally enhanced in Expt 2 in which the sludge was not premixed wlth seawater. Very large particles (cms in diameter) formed rapidly and many of these remained floating on the water surface up to 24 h later. Sludge pre-mixed with seawater formed small particulates which did not float.
Biogeochemical cycling of contaminants from sewage sludge
The organic contaminants were measured in each of the 14 batches of sewage sludge (14 total) and the total amount added to each of the 3 treatments was calculated (Table 2) . Percent solid material in the sludge ranged from 0.61 to 3.99 O/O. The major polychlorinated biphenyl (PCB) in the samples was Aroclor 1254 with concentrahons ranging from 0 225 to 0.601 +g g-l. The total of 16 polycyclic aromatlc hydrocarbons (PAHs) ranged from 17.2 to 85.8 pg
The major components were naphthalene, phenanthrene, fluoranthene and pyrene. Naphthalene is found in various petroleum products (e.g. gasoline and fuel oils), and the other 3 are major compounds produced in the combustion of fossil fuels and wood. The subshtuted benzotriazoles (Clo-BZT, Cl-BZT and C,-BZTj are synthetic organic compounds that are used as ultraviolet light absorbers for plastics and coatings. The concentration of Clo-BZT Table 3 . Percent sludge (f coefficient of variation s/X) settling in filtered seawater (0.45 pm) in 5 m tank w t h no sediment at 22" C. Amount setthng was calculated from amount remaining in the water column " Sludge added after 30 rnin Into mixing cycle; m u e r s off after 1.5 h and on again after 5 5 h h More coagulation because sludge not pre-rmxed with seawater C In the laboratory, about 40 % (dry weight) of sludge was added directly to a separatory funnel containing seawater ranged from 50 to 388 pg g-1, Cl-BZT ranged from 1.78 to 25.2 pg g-1, and C,-BZT ranged from 1090 to 9340 pg g-'. The phthalic acid esters (phthalates) included benzylbutyl phthalate (BBP), diethylhexyl phthalate (DEHP) and dioctylphthalate (DOP). The total of the 3 phthalates ranged in concentration from 325 to 1190 pg g-l. Coprostanol, a sterol found in the faeces of man and carnivorous animals and used as a chemical indicator of sewage contamination, ranged in concentration from 760 to 3580 pg g-l.
A large percentage of the total input to the 4 s and 8 s treatments was measured in the sediments at the end of the experiment (Table4). The exceptions were phthalates (5 % in the sehment) and C,-BZT (4 % in the sediments). These components and coprostanol had higher absolute concentrations in the water column than other organic components perhaps due to their greater water solubility which is related to their noctanol/water partition coefficients; for example, the value for Cl-BZT (log P = 4.6) indicates that it is relatively water soluble compared to most of the other components measured in this study (Lopez-Avila & Hites 1980). Even if a n average water column concentration is multiplied by the flushing rate of the mesocosm, we cannot account for most of these 3 components (Table 5 ). The low concentration in the water and sediment and high variability of individual PAHs in the sludge samples increased the uncertainty of the percentage missing of this group; the other 3 components (PCBs, CIo-BZT and Cl-BZT) were sequestered in the sediments (Table 5) .
The amounts of organics measured in the 8 s sewage sludge treatment were compared to literature values for levels causing effects in the water column and sediments (Table 6 ). With one exception for organics, effect levels were not attained. Concentration of total phthalate in the 8 s treatment sediment reached 20 ppm in the sediment (Table 6) and DEHP was a s high a s 17 p p n~. Perez et al. (1983) have noted a reduced flux of ammonia from the benthos when sediment phthalate (DEHP) concentrations reached 5 ppm.
The mean concentrations of trace metals in the dis- ND: none detected a For the first cm a porosity of 75 % and a density of 2.60 g solids cm-3 was used, and for the second cm a porosity of 73 % and the same density was used In this treatment porosity increased and density decreased (0 to 1 cm, 88 %, density 2.29 g solid cm-3; 1 to 2 cm, 95 %. 2.5 g solid cm-3; 2 to 3 cm, 78 '10, 2.5 g solid cm-3). To compensate, the mass of thls treatment was normalized to the mass of the 4 s treatment so organic content was calculated for 2.56 cm instead of 2 cm. Organic content of the third cm was not measured and was assumed equal to that of the second cm. The third cm was measured In 4S and this assumption was generally true for that treatment (Oviatt et al. 1986b) (Reed et al. 1984) c Acute toxicity (EPA 1980d) Perez et al. (1983) Values from the end of the experiment, 19 Sep 1984 Oviatt et al. (1982 solved and particulate phases were not different between the control and sludge amended systems with the exceptions of slightly lower mean dissolved Cu, slightly higher mean dissolved Ni, and a 2 to 3-fold increase in mean dissolved Mn in the sludge-amended mesocosms relative to the control systems (Table 7) . In no case did the dissolved, particulate, or total metals measured exceed the lowest U.S. Environmental Protection Agency's (EPA) Saltwater Water Quality Criteria, either on a weekly basis or as a long-term mean (EPA 1980a, b, c) . The implication from these water column metals data is that metal is removed to the sediments.
System response to nutrient and sewage sludge additions
Unlike controls, the higher nutrient and sludge treatments had initially high levels of system production, followed by periods of low production except for the 8 s treatment which had continued high production (Fig.  1) . During late summer, system production in these treatments was often lower than in control treatments. System respiration, by contrast, was nearly always higher in sludge treatments than in nutrient treatments or in controls (Fig. 1) . Respiration in the 8 s treatment was higher than in any other treatment or control and exceeded production (Fig. 1) .
Despite high production and large carbon additions, it was bfficult to measure carbon accumulations or to quantify unambiguously the amount of sludge carbon in the sediments. Organic carbon concentrations indicated no accumulation in the 1 s or 4 s treatments (Table 8) . Stable carbon isotope ratios provided a more sensitive measure of the sludge. Of the added sludge, 20 to 50 % could be found in the top 2 cm of the sediments (Table 8) .
The ratio of system production to system respiration was low in the sludge treatments (0.5 in IS and 4S, 0.7 in 8 s ) compared with the controls (1.05) (Table 8) . Thus, added carbon may have been immediately respired, whlch would help to account for the high respiration rates observed. =gh rates of respiration in the 8 s treatment drove oxygen concentration values down in late summer (Table 8 ). The lack of production rather than high respiration rates also caused low oxyconcentration gen concentrations in the 4s treatment (Fig. 1, Table 8 ).
Water column oxygen concentrations in the controls, nutrient treatments and the IS treatment never were less than 3 ppm; whereas, over the course of the experiment, the 4s treatment had such low values nearly 40 % of the time and the 8s had them nearly 50 % of the time (Fig. 2) . In a 28 mo eutrophication experiment with up to 4 times as much nutrients added as in this experiment, low oxygen problems were encountered less than 5 % of the time, further suggesting that the carbon in the sludge treatments was being respired at a rate that the system production of oxygen could not sustain (Fig. 2) . Analyses of oxygen concentration, net respiration and diffusion rates in the 8 s treatment indicated the sequence of events in hypoxia (Fig. 3) . Peaks of production were followed or coincided with higher peaks of respiration suggesting another source of carbon or cometabolism of sludge carbon (Fig. l) . During the final 2 mo, there was only one short period of net production
2X
4 X 6 X 1 6 X Fig. 2 . Frequency of weekly dawn oxygen concentration less than 3 ppm during the 28 mo eutrophication study at 7 nutrient levels, the 3 mo nutrient study at 4 nutrient levels, and the 3 mo sewage sludge study at 3 sludge levels (Fig. 3) . Between peaks of respiration, dffusion of oxygen into the mesocosm helped prevent anoxia and often exceeded 24 h net respiration rates (Fig. 3) . These peaks of respiration caused severe declines in the oxygen concentration. In late August one decline resulted in severe anoxia, with a resulting mean oxygen concentration of 0.19 mg I-' on 4 Sep. Three interpretations were explored to try to explain the lack of sustained high pnmary production in late summer, which, together with high respiration, caused hypoxia in the 4 s and 8 s treatments: toxicity of the sludge to phytoplankton; nutnent limitation; and limitation of phytoplankton production by grazing.
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Toxicity to phytoplankton would be suggested if the sludge treatments had lower production and/or lower chlorophyll than the corresponding nutrient treatments, but this was not consistently the case (Fig. 4) . For both system production and C-14 production, 1 s and 4 s had lower values than 1N and 4N, but 8 s had higher values than 8N (Fig. 4) . Producbon-to-biomass ratios ranged from 1 to 2 in controls, and from 0.5 to 0.7 in treatments, but showed no trend among nutrient or sludge treatments (Table 9 ). All ratios were within the range predicted for fast-growing algal populations (Banse & Mosher 1980) . Thus there was no evidence of sewage sludge toxicity in production or chlorophyll measurements. Nutrient limitation probably limited system production only during the first phase of the experiment, when production was high in the upper level treatments. Time series of total dissolved inorganic nitrogen showed low concentrations throughout the experiment for the control, and low initial values with subsequent high values for both nutrient and sludge treatments (Fig. 5) . From this analysis it can be concluded that there was no nutrient limitation in the sludge treatments during the second half of the experiment.
In 4 x and 8 x , nutrient treatments had much higher concentrations of nutrients In the water in late summer than did the sludge treatments (Fig. 5 ) . This pattern suggests that a large portion of the particulate nutrients in the sludge (38 % of total N, and 64 of total P) were being trapped in the sediments and not immediately remlnerahzed. Nevertheless, benthic reminerallzation rates of ammonia were higher in sludge treatments (mean range 310 to 690 b~g-at m -h ' ) than In corresponding nutrient treatments (mean range 140 to 240 ug-at m-2 h-'). Four measurements of remlneralization Table 9 . Calculated ratios of 14C-measured production to carbon biomass calculated from chlorophyll in each treatment rates over the summer failed to show the depressed rates which Perez et al. (1983) was able to attribute to phthalates. The sheer amount of organic matter in sludge (44 % of dry wt. was carbon and 2.5 % of dry wt. was nitrogen) compared to the organic content of the surface 1 cm of control sediment (2.4 % carbon, 0.2 % nitrogen by dry wt.) may have overwhelmed any suppression of rates due to phthalates. Grazing by benthic macrofauna can limit phytoplankton biomass even in the presence of high nutrient concentrations (Cloern 1982) . The same 8 species (Ampelisca sp., Chaetozone sp., Medomastus ambiseta, Mulinia lateralis, Nucula annulata, Polydora Ligni, Streblospio benidicti, Yoldia limatula) were the most numerically abundant at the beginning and end of the experiment in all treatments, although the order of species abundance changed. While all 8 species tended to increase modestly in the nutrient treatments and explosively in the sludge treatments, most of the increase was due to interfacial grazers (Fig. 6) . By August, spionid polychaete and amphipod grazers accounted numerically for 28 O/O of macrofauna in the controls; in the nutrient treatments, these groups composed 40 O/O of the macrofauna; and in the sludge treatments, spionid polychaetes alone account for 65 % of the macrofauna, amphlpods being relative rare (Keller et al. 1987) . Prolonged and extreme hypoxia in 8s Likely caused extreme lethargy and reduced grazing pressure, allowing phytoplankton blooms to occur through the late summer period (Fig. 1, Table 7 ). Anoxia in 8 s in early September reduced abundances of all macrofauna except N. annulata (Fig. 6 ). By contrast, in treatments which did not experience prolonged and extreme hypoxia, grazing pressure from interface grazers may have prevented late summer blooms of phytoplankton ( Fig. 7 & 1) .
A comparison with nutrient treatments suggested that benthic grazers in sludge treatments were utilizing sludge carbon. Total grazing biomass was calculated to include zooplankton, Streblospio benedicti, Polydora ligni, Arnpelisca sp., and some of the rarer amphipods, Corophiurn sp. and Leptocheirus sp. This grazing biomass had increased by September in nutrient treatments both in the 1981-83 eutrophication experiment and in the present experiment (Fig. 7) . More grazers 1986). The regression coefficient with carbon input (I4C-measured production plus sludge carbon) indicated a biomass enhancement of 0.1 g C P. ligni for 1 g C (r = 0.92, significant at 0.01 level) (Fig. 8 ). By contrast, amphipods, which were only abundant in the nutrient treatments, were better correlated with mean diatom abundance (Fig. 9) . Judging by their biomass, zooplankton were important grazers of phytoplankton in the 4 s and 8S sewage sludge treatments, although they showed little enhancement over controls in the nutrient treatments (Fig. 10) . However, the zooplankton in these sludge treatments were not the normally dominant Acartia copepod species but instead were polychaete larvae in 4s and the cyclopoid copepod Oithona colcarva in 8s.
This copepod species has a relatively low metabolic rate compared to other copepods (Lampitt 1978 , Lampitt & Gamble 1982 and probably was more tolerant of low oxygen conditions in the 8 s treatment. Analysis of 6I3C showed no incorporation of sludge carbon by zooplankton, implylng that their food source was phytoplankton. With exceptions, zooplankton biomass was reflective of system production in the 4 s and 8 s treatments, also suggesting that these zooplankton were grazing on phytoplankton (Fig. 11) . While zooplankton biomass was equivalent to that of benthic grazers in the control treatments, it ranged from only 1/4 to less than 1/10 that of benthic grazers in upper level nutrient and sludge treatments, respectively (Keller et al. 1987) .
DISCUSSION
Fate of sludge
Settling rates, concentrations of organic contaminants, carbon content, and 613c values indicated that much of the added sludge particulates went rapidly to the benthos. Settling rate studies showed that up to 30 % reached the benthos within 10 min during mixing in the 5 m deep water column; up to 85 % reached the benthos within 24 h ( Table 3) . Up to 83 % of the least water soluble organic contaminants were found in the benthos at the end of the experiment (Table 4) . Over 50 O/O of the sludge carbon could be accounted for in the surface sediments of 8 s even though much of the input carbon was probably respired or could have been buried deeper (Table 8 ). Thus, previous calculations which have utilized a factor of 20 O/O of the total added sludge falling through the water column at rates of 10 m d-' (O'Connor et al. 1985) may be underestimating the amount of sludge reaching the benthos by a factor of 4. If the settling rates found here were applied to 2700 m at the 106 mile site, 30 % of the sludge would reach the bottom in 90 h; 50 % would reach the bottom in 2 mo. It should be noted, however, that the dilution factor during settling rate studies in the tanks was 0.26 X lo5 compared with 5 X 105 predicted for the 106 mile site. Thus more coagulation and settling might occur in the tank than in the field. Coagulation of the sludge did appear to increase settling rates (compare Expts 1 and 2; Table 3 ).
Sludge toxicity
No evidence of sludge toxicity to phytoplankton, as measured by primary production or chlorophyll, was detected. Nor b d the observed concentrations of most sludge components reach levels previously reported to be toxic in either the water column or sediment. Miller et al. (1987) determined that copepods were more sensitive to sludge than other water column organisms. Acute effects on adult copepods of sludge from 3 treatment plants were seen at concentrations ranging from 0.03 to 0.8 % whole sludge in the water (Miller et al. 1987) . In this experiment sludge was added at rates which could have achieved 0.03 % whole sludge after 9 d of addition to the 8 s treatment, if one makes the very unlikely assumption that all the sludge remained in the water column. In the case of the 4 s and 8 s treatments, toxic effects could not, therefore, be ruled out although the settling experiments strongly suggest that most of that sludge did not remain in the water column. Oviatt et al. (1986b) observed no direct toxic effects in extensive stubes on copepod biomass and numbers and population dynamics. The change in dominant copepod species in 8 s at the end of the summer could be attributed to low oxygen conditions. The toxicity of the sludge to benthic fauna was not examined and the changes observed in community structure could all be attributed to nutrient and carbon enhancement and to low oxygen conbtions (Fig. 6, 7, 8 & 9) . The failure of amphipods in sludge treatments could be ascribed to low oxygen and where amphipods failed, polychaetes thrived. The fact that toxicity was not observed over the 4 mo period of the experiment does not preclude it occurring over a longer time; most dump sites have a useful life of at least 5 yr, with 20 yr not uncommon.
Hypoxia
Both the 4 s and 8 s treatments experienced hypoxia during the last 2 mo of the experiment, probably due to the addition of sludge. In 8S, hypoxia appeared to limit grazing pressure on the phytoplankton, allowing further blooms. But even these blooms did not prevent anoxia. Large populations of grazers in 4 s and in the nutrient treatments during the last half of the experiment may have prevented the blooming of phytoplankton.
An important question is whether such hypoxia could occur in the field, where a greater advective dilution occurs and the water column depth may be greater. The oxygen reservoir of a 5 m water column is about 37.5 g O2 mP2; in a 30 m water column, it would be about 225 g O2 mP2 and in a 2700 m water column, it would be over 20000 g Oz m-2, assuming originally oxygen-saturated water columns. The net respiration rates in 8 s of 1.4 g O2 mp2 24h-' could not be expected to deplete these reservoirs, particularly in surface waters, where, even in the absence of net production, diffusion of oxygen can equal or exceed net respiration (Fig. 3) . However, if (1) the sludge settled rapidly below the thermocline, where diffusion is not a factor, and (2) peaks of respiration of 7 to 11 g O2 m-' d-' (Fig. 2 ) occurred, and (3) the summer oxygen concentrations were only 4 ppm, then water near the bottom could be greatly depleted in less than 3 d with sludge inputs of 2.5 g C m-' d-' (equal to the 8 s treatment). Even if only half this amount reached the bottom, hypoxia could result (Fig. 2) . In the field, it is common to observe low summer oxygen values in bottom water. The Christiansen Basin and upper Hudson Shelf Valley benthic environments have been subject to seasonal reductions in dissolved oxygen, often critical to benthic organisms (Steimle et al. 1982) . In southern California, where outfalls are located at the bottom beneath the thermocline, low oxygen conditions can only be exacerbated by sludge disposal (Mearns 1981) . Unfortunately, no oxygen surveys appear to have been carried out at the Hyperion sludge outfall (90 m depth) to provide evidence of sludge-induced hypoxia, except that values may range from 4 to 5 ppm in bottom waters (Bascom 1980, p. 201) . In this area, the shelf drops off rapidly to the Santa Monica Basin. The oxygen concentration at 400 m was 1.4 m1 O2 I-'; below the sill depth of 737 m, it was 0.2 m1 O2 1-I (Jackson 1982) . Jackson (1982) has calculated that sludge disposal at depths greater than 600 m would seriously lower oxygen concentrations.
Benthic fauna
At deeper water sites it seems unlikely that benthic grazers could affect surface water primary production. In most cases a thermocline would provide an effective bamer isolating benthic grazers from surface production. However, similar abundances and genera occurred in the 8S treatment and the depositional area for the New York Bight 12 mile site. In the New York Bight Nucula proxima attained densities of 20000 m-' (Boesch 1982) . In 8S, August samples had a density of Nucula annulata of 33 100 m-2. Polychaetes were 57 % of total abundance in the New York Bight and amphipods were less than 1 % (Steimle et al. 1982 ). In 8 s August samples, polychaetes were 87 % of total abundance and amphipods were 0.3 % .
This experiment defined the levels of sewage sludge addition which cause hypoxla in the MERL mesocosms.
At summer temperatures, amounts in excess of l g C m2 d -I initially ---cause changes in the zooplankton and benthic community structure and finally cause hypoxia in the shallow water column. Since the sewage sludge settled more rapidly than predicted, benthic hypoxia will, likely, also occur in deeper water columns w t h low oxygen concentrations in the bottom waters. These results are consistent with field studies (Steimle et al. 1982) . No direct toxic effects were attributed to the sewage sludge treatments. Perhaps, this was due to the short duration of the experiment or to the generally lower concentrations of toxic components (except for PAHs) in Cranston sludge compared with New York/ New Jersey sludge (Table 10 ). " O'Connor et al. 1985 Average Lrom 14 samples collected over 14 wk (see Table 2) 
